A bilateral ablation of the frontal cortex was performed in rats before and after training in an active avoidance task in a shuttle box. Animals with this lesion showed an impairment in learning and in the reversal of the avoidance task. If the animals with the lesion were implanted with an electrode in the ventral tegmental nucleus and received an electrical stimulation in this area contingent to a correct response (avoidance or escape response) in the behavioral task, they did not show any impairment in the performance of the task. Furthermore, the effect of the stimulation persisted after it was retrieved. The present findings indicate that the motivational and cue properties of the electrical stimulation of the ventral tegmental nucleus may serve to facilitate learning and reversal in an avoidance task and to induce at the long term a recovery process in animals in which the frontal cortex has been ablated. Therefore, this method may be useful to study the adaptative changes which take place in the nervous system after recovery from brain damage occurs.
INTRODUCTION
Frontal cortex lesions lead to a variety of deficits measured in different behavioral tasks. These deficits can be observed in tasks which measure response inhibition, temporal ordering, spatial orientation and social or affective behavior ~2. Recovery of some of these deficits after frontal cortex lesions has been induced by drugs ~9, grafts of embryonic cells ~s, growth factors t t, or observed by performing serial lesions 6 and by performing the lesions early in life t3. Different mechanisms have been proposed to account for the observed recovery depending on the type of manipulation 7.
Learning of an avoidance task in a shuttle box is impaired to some extent after lesions of the frontal cortex 3"9 and the reversal of previously learned behaviors is highly impaired in these animals 9. The response inhibition deficit of these animals may account for the impairment observed in reversal tasks. This deficit can be easily observed in reversal tasks, where the animals Correspondence: M.A. Castro-Alamancos, Cajal Institute, Avenida Dr. Arce 37, 28002-Madrid, Spain. must shift their response from a previously reinforced stimulus to a new reinforced one t2.
Based on the previously cited data, we assume that while learning will be impaired in a shuttle box avoidance task, reversal training in this task should show a greater amount of impairment. Also, there should be no memory deficit after lesions of the frontal cortex if the animals are trained prior to the lesion, because only memory of recent events seems to be impaired in these animals 12, while the deficit should appear in these animals in a reversal of the learned task. Therefore, the reversal impairment observed in this task will serve to evaluate the effects of any manipulation or procedure to induce recovery after brain damage.
It has been shown that normal animals perform a wide variety of behaviors to obtain an intracranial electrical stimulation in different brain sites t6. This is a very consistent effect which is very reliably induced by the stimulation of the ventral tegmental nucleus (VTN) 2. This type of stimulation has been shown to have motivational (reward-associated) and cue (stimulus-associated) properties for learning and memory 8'2~ Since, the electrical stimulation of the VTN has been demonstrated to facilitate learning and memory processes, we became interested in the possibility that this stimulation might facilitate the learning and/or performance of a behavioral task in brain damaged animals. Also, we were interested in determining if the facilitation in learning and performance of a behavioral task, which may be induced by the stimulation, will produce a longlasting recovery process which would be reflected in an adequate performance of the animals after the stimulation is no longer present. Therefore, we will consider the immediate effect of the stimulation, while it is present, as a facilitatory effect and the long lasting effects as a recovery process with a neural substrate out of the aim of the present study.
We have already shown that after lesions of the motor-sensory cortex of the rat a contingent electrical stimulation of the VTN induces recovery in an escape task in a Skinner box and the mechanism mediating this induced irecovery seems to implicate the transfer and reorganization of function in other brain areas 4. Therefore, we became interested in the possibility that a learning and/or reversal deficit in a Shuttle box avoidance task due to the bilateral ablation of the frontal cortex would be counteracted by an electrical stimulation in the VTN contingent to a correct response in the task. We addressed this question by performing two experiments. In experiment 1 the animals would be trained in the behavioral task prior to an ablation of the frontal cortex, and in experiment 2 the animals would not be trained prior to the lesion in order to differentiate learning from performance or memory deficits.
MATERIALS AND METHODS

Animals
Fifty-five male Wistar rats (250-300 g body weight) were used in this study. The rats were housed in a a b controlled environment (temperature: 22-24 ~ Humidity: 50 + 10~o) with a non-reversed 12 h light/dark cycle. Food and water were freely available.
Lesions of the frontal cortex
Rats were anesthetized with sodium pentobarbital (50mg/kg) and placed in a stereotaxic instrument (Stoelting 51200). The skull was drilled bilaterally 2-5 mm anterior to bregma and 1-4 mm lateral to the midline. The dura and pia were carefully incised and removed and the underlying cortex was removed with delicate suction. The lesions were then filled with gelatin hemostatic sponge. From 3.5 mm anterior to bregma the frontal cortex down to the anterior olfactory nucleus was removed. Fig. 1 shows an example of a typical frontal cortex ablation in this study.
Electrode flnplantation in the ventral tegme,tal mtcleus
In the groups of rats in which an electrode was implanted in the VTN after performing the frontal cortex lesions, a twisted bipolar stainless-steel electrode (200 llm in diameter) entirely insulated except at the cross sectional area of the tips was implanted unilaterally in this area (4.0-4.3 mm posterior to bregma, 0.4-0.7 mm lateral to the midline and 8.5-9.5 mm below the skull surface). Dental acrylic cement and screws were used to secure the electrode implantation.
Procedure
Two experiments were performed in this study. Experiment I. In experiment 1 all the animals were trained in a two-way active avoidance task in a Shuttle box before being submitted to surgery. The animals were introduced in a standard shuttle box in which both compartments were divided by a 3-cm partition from the grid floor, which the animals had to cross in order to enter the other compartment. Another partition came down from the ceiling of the box leaving a 12-cm opening to allow the animals to cross. Twenty-four hours prior to surgery all the animals in experiment 1 were trained in the shuttle box with a trial sequence consisting of 30 s of intertrial interval, 10 s of avoidance interval signalled by a light in the ceiling of the compartment in which the animal was placed and 10 s of escape interval in which a 0.2~ footshock was delivered through the grid floor and the light remained on. The animals were submitted to 70 trials of this sequence on one day. Twenty-four hours later the animals underwent surgery and three groups were formed. The first group was lesioned bilaterally in the frontal cortex (Fr lesion group; n = 8). The second group was formed with normal animals and with animals which underwent sham surgery (Sham group; n = 7). The third group underwent bilateral frontal cortex lesions and electrode implantation ir~ the ventral tegmental nucleus (Fr + VTN; ii = 1:2). Six days after surgery all the animals were given avoidance training in the shuttle box, with the same sequence as prior to surgery. The only difference was that the animals in the Fr + VTN group received an intracranial stimulation (ICS) in the VTN (100 Hz rectangular pulses of 0.2 msec; train duration per stimulation 0.5 s; intensity range 0.9-1.5 mA) each time they performed a response in the avoidance or escape intervals of the sequence. Thus, the animals in the Fr + VTN groups received an ICS for every avoidance and escape response, but not for any of their intertrial responses. Therefore, each animal could only receive a total of 70 ICSs each day. The intensity ofthe ICS was selected prior to training for each animal to induce a rewarding effect, by placing them in an operant chamber and delivering ICS and observing the effect on the animal. The effect of the stimulation would be considered rewarding if it was possible to make the animal perform a behavior by stimulating contingently to this behavior (i.e. press a lever, etc). This session lasted approximately 10 min and was performed one day prior to performance in the shuttle box. Due to the differential effect induced by the ICS in a group of animals (see Results), the FR + VTN group was separated in two groups (Fr + VTN reward and Fr + VTN aversive; n = 6 animals in each group) which followed the same procedure. The day after training in the shuttle box all the animals in experiment 1 were submitted to reversal training. The sequence of the trials and the number of trials was the same, but the light did not appear in the compartment where the animal was, but in the other compartment. Therefore, in order to avoid or escape from the aversive stimulus the animals would have to enter the compartment where the light was. The 71 animals with an electrode in the VTN received the same ICS for responses performed in the avoidance or escape intervals as in the previous day. One week later all the animals were submitted to the same trial sequence in the shuttle box, with the only difference that the first 35 trials were normal training trials (avoidance or escape by leaving the compartment where the light appeared) and the following 35 trials were reversal training trials (avoidance or escape by entering the compartment where the light appeared). In this day the animals with the electrode in the VTN did not receive any ICS for any of their responses in order to test if the effects induced by this stimulation persisted.
Experiment 2.
In experiment 2 exactly the same procedures were followed, the only difference consisted in that the animals were not trained in the shuttle box prior to surgery. An additional, three groups were formed. A group of animals were given bilateral lesions ofthe frontal cortex (Fr lesion group; n = 10). A second group was formed of control animals and of animals that underwent sham surgery (Sham group; n = 10). A third group underwent bilateral frontal cortex lesions with electrode implanted to the VTN (Fr + VTN; n = 8). Six days after surgery all the animals were given training in the shuttle box with the trial sequence previously described. The Fr + VTN group received a contingent ICS is the VTN for their responses in the avoidance or escape intervals (none of the animals in this experiment showed differential effects of the ICS; it was possible to induce a rewarding effect in all of them). The following day the animals were submitted to reversal training in the shuttle box, which consisted, as previously described, in having to avoid or escape from the aversive stimulus by entering the compartment where the light appeared. Also, the animals in the FR + VTN group received an ICS in the VTN for their responses in the avoidance or escape intervals. One week later all the animals were submitted to 35 trials of normal training followed by 35 trials of reversal training. The animals in the FR + VTN group did not receive any ICS for their responses.
Histology
After the completion of the behavioral studies the animals were decapitated and the brain was rapidly removed and left in paraformaldehyde (5 ~o) for several days. Sections were cut with a cryostat (50 Fm) and then stained with Cresyl violet. Before decapitation the animals with implanted electrodes received 10 s of 1 mA DC current through the electrode in order to generate a small lesion to facilitate the visualization of the electrode tips. , animals with a lesion in the frontal cortex and electrode implanted in the ventral tegmental nucleus that produced a rewarding effect (Fr + VTN reward) and animals with a lesion in the frontal cortex and an electrode implanted in the ventral tegmental nucleus that produced an aversive effect (Fr + VTN aversive). These animals were trained in the avoidance task in a shuttle box prior to surgery, and submitted to normal training in this task 6 days after surgery (a), reversal training in the task the following day (b) and normal training plus reversal training in the task a week later (c). In
Statistical analysis
Statistical analysis of the number of avoidance responses was carried out with a block design where the variability of the blocks of ten trials was considered as an independent factor, in order to eliminate this block variability from the intragroup variability of the other factor.
RESULTS
The sham groups in this study were formed with normal animals and with animals that received sham surgery. They were included in the same group due to the fact that there were no differences in their behavioral performance.
Experiment I
All the animals trained prior to surgery acquired the ability to avoid the aversive stimulus. The percentage of avoidance responses in the last 30 trials was approximately 90~ of their responses (data not shown). There were no differences between the groups in the behavioral performance prior to surgery. A group of animals (n = 6) from the FR + VTN group showed a differential effect (aversive effect) induced by the ICS. This aversive effect consisted mainly in a rapid escape response when the stimulation was applied. Therefore, the FR + VTN group was divided in two groups (Fr + VTN reward and Fr + VTN aversive). Fig. 2a shows the number of avoidance responses per blocks of 10 trials of the animals in the Fr lesion group, sham group and Fr + VTN groups (rewarding and aversive effect groups) of normal training (6 days after surgery) in the shuttle box of experiment 1. ANOVA revealed that the number of avoidance responses per blocks often trials differed between groups (F3,23 = 21.7; P < 0.0001). The multiple comparison test of Tukey showed that the sham, Fr lesion and Fr + VTN (reward) group differed significantly from the Fr + VTN (aversive) group (P < 0.01). Fig. 2b shows the number of avoidance responses per blocks of 10 trials of the animals submitted to reversal training in the shuttle box the following day (7 days after surgery). ANOVA revealed that the number of avoidances per blocks of ten trials differed between groups (F3.23=54.63; P<0.0001). The test of Tukey showed that the Fr + VTN (reward) group and the sham group had a larger number of avoidance responses than the Fr lesion group (P<0.05) and than c the blocks are formed of 5 trials, and the animals with the electrode implanted in the VTN did not receive an)' ICS for their responses. It should be noted that the number of intertrial responses of the animals in the Fr + VTN reward group did not differ significantly from the sham or Fr lesion groups. Therefore, the number of intertrial responses does not seem to account for the performance of the Fr + VTN group in the task. Fig. 3a shows the number of avoidance responses per blocks of 10 trials of the Fr lesion group, sham group and Fr + VTN group of normal training (6 days after surgery) in the shuttle box of animals not trained before surgery. ANOVA revealed that number of avoidances per blocks of ten trials differed between groups (F2,2s = 4.5; P< 0.02). The multiple comparison test of Tukey showed that the Fr + VTN group and the sham group had a significantly larger number of avoidance responses than the Fr lesion group (P<0.05). Fig. 3b shows the number of avoidances per blocks of 10 trials of the same animals submitted to reversal training in the shuttle box the following day (7 days after surgery). ANOVA revealed that the number of avoidances per blocks of ten trials differed between groups (F2.2s = 12.13; P=0.0002). The test of Tukey showed that the Fr + VTN group and the sham group had a larger number of avoidance responses than the Fr lesion group (P<0.01). Fig. 3c shows the number of avoidances per blocks of 5 trials (1 week after the last performance) differentiated in two periods; 7 blocks of normal training and 7 blocks of reversal training. ANOVArevealed that the number of avoidances per blocks of five trials in the normal training procedure (first 7 blocks) differed between groups (F2,25= 12.78; P=0.0001). The test of Tukey showed that the Fr + VTN group and the Sham group had a significantly larger number of avoidance responses than the Fr lesion group (P< 0.01). ANOVA revealed that the number of avoidances per blocks of five trials in the reversal training procedure (last seven blocks) differed between groups (F2,~= 12.76; P=0.0001). The test of Tukey showed that the Fr + VTN group and the sham group had a significantly larger number of avoidance responses than the Fr lesion group (P< 0.01).
Experiment 2
The number of intertrial responses of the Fr + VTN group did not differ significantly from the sham or Fr lesion groups. Therefore, as mentioned for experiment 1, the:number of intertrial responses does not seem to account for the performance of the Fr + VTN group in the task. 
Histology
The histological analysis revealed that the size and site of the frontal cortex ablations did not differ between the groups. Therefore, the size and location of the lesions did not seem to account for the differences in the behavioral performance observed between the groups. According to the atlas of Zilles z~, the lesions eliminated all the frontal cortex sparing most of the caudal orbital cortex and the frontal pole of the motor cortex (Fig. 1) .
The histological analysis of the electrode localization revealed that the animals in which the intracranial stimulation caused an aversive effect (Fr + VTN aversive group of experiment 1; n=6) had the electrode tips outside of the ventral tegmental nucleus (i.e. median raphe nucleus, medial lemniscus, reticular pontine). Fig. 4 shows the localization of an electrode that caused a rewarding effect and the localization of an electrode that induced an aversive effect.
DISCUSSION
The results show that a bilateral ablation of the frontal cortex of the rat causes an impairment in learning and in the reversal of an active avoidance task in a Shuttle box. Also, the data shows that intracranial stimulation of the ventral tegmental nucleus contingent to a correct response in the avoidance task eliminates the impairments in learning and reversal of the avoidance task. Finally, the beneficial effects of the stimulation persist after it is no longer present.
As we have argued previously, the bilateral ablation of the frontal cortex induces deficits in learning and specially in the reversal of a learned task. This result is consistent with the knowledge concerning the implication of the frontal cortex in response inhibition ~2. The reversal task that we have used in this study is very simple for normal animals to learn but in the lesioned animals it shows a clear deficit. Therefore, the response inhibition deficit characteristic of frontal cortex lesioned animals seems to arise even in simple reversal tasks that produce no learning impairment in normal animals.
The beneficial effects of the stimulation of the ventral tegmental nucleus are probably due to an increase in the motivational status of the animals and a facilitation in learning and reversal due to its cue properties: The stimulation is probably not only reinforcing the correct behavior of the animals but also signalling when a correct response has taken place. This cue property of the stimulation probably aids the animals in learning the reversal task by signalling an effective response in the task. Therefore, the electrical stimulation would exert its beneficial effect through its reward-associated properties, by a mechanism of positive reinforcement of the correct behavioral response, and/or through its stimulus-associated properties, by signalling the response that is associated with the elimination of the aversive stimulus (negative reinforcement). Thus, this may imply that the animals in the Fr + VTN groups with a rewarding ICS are learning the task by both positive and negative reinforcement, while the normal animals would learn the task mainly through a process of negative reinforcement.
As we have suggested previously, it is important to differentiate between the immediate facilitatory effects of the stimulation of the VTN from its long term 'recovery' effects. The data shows that the stimulation induced a facilitatory effect in learning and in the reversal of the task. The data also indicates that some type of recovery process has occurred since at the long term, when the stimulation is no longer present, the beneficial effects persist. Therefore, this long term beneficial effect seems to indicate the occurrence of a recovery process with a neural substrate yet to be determined.
The neural changes induced at the long term which should account for the recovery process may involve a number of biological processes. It has been shown that cells in the frontal cortex change their response properties to an environmental stimulus if their response to the stimulus is followed by a rewarding stimulation of the medial forebrain bundle ~7. The nucleus basalis magnocellularis, which is the major cholinergic input to the cortex, mediates this and other induced response changes ~~ Therefore, after lesions of the frontal cortex the stimulation of the ventral tegmental nucleus mediated by this cholinergic input may produce changes in the response properties of cells in other cortical areas not damaged by the lesion or in subcortical nuclei largely involved in the performance of avoidance learning, and probably these induced changes may account for the recovery observed in the long term.
Since large depletions of dopamine ~4 and not of norepinephrine 5 induce great deficits in the performance of avoidance tasks, the involvement of the dopaminergic system in the effects induced by the stimulation of the VTN may be crucial. The caudate-putamen and the ventro-medial frontal cortex of the rat receive dopaminergic afferents from the ventral tegmental nucleus ~. It is possible that a depletion of dopamine occurs in the ventro-medial frontal cortex at its caudal pole spared by the frontal cortex ablation and/or in the caudate-putamen after ablation of the frontal cortex. Therefore, an alternative or parallel explanation for the effects of the electrical stimulation of the VTN would be an increase in the levels of dopamine in the ventral 75 frontal cortex spared by the lesion and/or in the striatum. Consequently, the increase in dopamine would restore the performance of these animals in the task. Nevertheless, a non-specific increase of dopamine in the spared frontal cortex and/or striatum of the rats does not seem to be the cause of the induced recovery since animals receiving ICS in the VTN for every response in the task including intertrial responses perform a great number ofintertrials (nearly 200 in a block of ten trials) and are perfect in the performance of the task (nearly 100~ avoidance responses), but when evaluated a week later without ICS these animals failed to perform the task (unpublished observations). Studies must be performed in order to establish the nature of the changes in the neural substrate in this model of induced facilitation and recovery of function after frontal cortex lesions.
